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Antenatal maternal anxiety modulates the BOLD response
in 20-year-old men during endogenous cognitive control
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Abstract
Evidence is building for an association between the level of anxiety experienced by a mother during pregnancy and offspring
cognition and structural and functional brain correlates. The current study uses fMRI to examine the association between prenatal
exposure to maternal anxiety and brain activity associated with endogenous versus exogenous cognitive control in 20-year-old
males. Endogenous cognitive control refers to the ability to generate control over decisions, strategies, conflicting information
and so on, from within oneself without external signals, while exogenous control is triggered by external signals. In line with
previous results of this long-term follow-up study we found that 20-year-olds of mothers reporting high levels of anxiety during
weeks 12–22 of pregnancy exhibited a different pattern of decision making in a Gambling paradigm requiring endogenous
cognitive control, compared to adults of mothers reporting low to average levels of anxiety. Moreover, the blood oxygenation
level dependent (BOLD) response in a number of prefrontal cortical areas was modulated by the level of antenatal maternal
anxiety. In particular, a number of right lateralized clusters including inferior frontal junction, that were modulated in the adults of
mothers reporting low to average levels of anxiety during pregnancy by a task manipulation of cognitive control, were not
modulated by this manipulation in the adults of mothers reporting high levels of anxiety during pregnancy. These differences in
brain functional correlates provide a neurobiological underpinning for the hypothesis of an association between exposure to
maternal anxiety in the prenatal life period and a deficit in endogenous cognitive control in early adulthood.

Keywords Neurocognitive tasks . Brain network . Task-related fMRI . Gambling paradigm . Early adversity . Developmental
origins of health and disease (DOHaD) . Developmental origins of behavior, health and Disseas (DOBHaD) . Prospective study .

Maternal psychological distress . Pregnancy . Adult offspring

Introduction

There is an increasing number of prospective studies revealing
evidence for an association between prenatal exposure to ma-
ternal distress during pregnancy and negative offspring out-
come. Outcomes include delayed motor and cognitive

development, negative affectivity and difficult temperament,
altered cognitive, behavioral, and affective functioning, and en-
hanced susceptibility to neurodevelopmental and psychiatric
disorders (Bock et al. 2015; Bowers and Yehuda 2016; Lewis
et al. 2014; Van den Bergh et al. 2005a, b, 2017; Stein et al.
2014). These studies are part of the study field
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of‘Developmental origins of behavior, health and disease’
(DOBHaD; Van den Bergh 2011), which is gaining interest
within the broader field of ‘Developmental Origins of Health
and Disease’ (DOHaD; e.g., Gluckman et al. 2008; Hanson and
Gluckman 2011; Räikkönen et al. 2011) and developmental
psychopathology (Van den Bergh et al. 2018). Since maternal
distress is potentially preventable, results of DO(B)HaD re-
search bears important implications for preventivemental health
care and hence public health policy (e.g., Bauer et al. 2016).

Importantly, in recent years evidence from neuroimaging
studies is building for short- and long-term functional and
structural brain alterations in offspring exposed to maternal
psychological distress during pregnancy (MPDP). These
changes are seen as more or less permanent markers of expo-
sure to MPDP, potentially increasing the risk for cognitive,
behavioral, and affective deficits and disorders. Prospective
studies focusing on brain structure have studied the relation-
ship between MPDP and either grey matter structure (alter-
ations mostly observed are volume and/or cortical thickness
reduction in frontal, parietal, temporal, limbic areas and cere-
bellum) or white matter microstructural changes (alterations
involve lower diffusivity in frontal and temporal regions (Buss
et al. 2010; Chen et al. 2015; El Marroun et al. 2016; Lebel
et al. 2016; Qiu et al. 2013, 2015b; Posner et al. 2016; Rifkin-
Graboi et al. 2013, 2015; Sandman et al. 2015; Sarkar et al.
2014; Wen et al. 2017). Functional brain changes were mostly
studied with encephalography (EEG). Results showed associ-
ations between MPDP and greater relative right frontal EEG
(resting state-EEG studies; e.g., Field et al. 2010; Lusby et al.
2016, Soe et al. 2016), or with specific EEG components
indicating altered auditory attention/processing and affective
picture processing (event- related EEG studies or -event- re-
lated potential (ERP) studies: e.g., Harvison et al. 2009;
Hunter et al. 2012; Otte et al. 2015; van den Heuvel et al.
2015, 2017). Furthermore, functional MRI studies have re-
ported changes in amygdala-thalamic, amygdala-cortical
(e.g. (pre)frontal, cingulate, temporal cortex), and amygdala-
subcortical functional connectivity (rs-fMRI studies; e.g.,
Posner et al. 2016; Qiu et al. 2015a; Scheinost et al. 2016).
In addition to the effects of maternal psychological distress
itself, treatment of maternal depression with selective seroto-
nin reuptake inhibitors has been shown to be associated with
gray matter volume expansion in the right amygdala and in-
creased connectivity between the right amygdala and the right
insula in infants with a mean age of 3.40 weeks (Lugo-
Candelas et al. 2018). For recent reviews of study design,
imaging modalities and results of the studies cited we refer
to: Franke et al. 2017; Scheinost et al. 2017; Van den Bergh
et al. 2017; Van den Bergh et al. 2018).

The current study involves the oldest prospective cohort
and may reveal consistency (and persistence) of effects of
MPDP until age 20, with the original sample of pregnant
mothers being recruited in 1986 in the University Hospital

of Leuven (Belgium). In prior studies of our cohort, high
maternal anxiety during pregnancy was related to higher fetal
motor activity (as measured with ultrasound) and higher neo-
natal motor activity (Van den Bergh 1990) and to ADHD
symptoms, externalizing problems and anxiety at the age of
8–9 years (Van den Bergh and Marcoen 2004). At the age of
14–15 (Van den Bergh et al. 2005a, 2006) and 17 (Mennes
et al. 2006), high maternal anxiety weeks at 12–22 weeks of
pregnancy was associated with specific cognitive deficits-i.e.,
endogenous but not exogenous cognitive control - as mea-
sured with a battery of cognitive tasks. Endogenous cognitive
control refers to the ability to generate triggers from within
oneself (i.e., endogenously) in order to control actions, deci-
sions, strategies and thoughts interfering with optimal task
performance. It is opposed to exogenous cognitive control
where cognitive control is triggered by external signals (e.g.,
a sound) (Brass and von Cramon 2004; Miller and Cohen
2001). In a second study in the 17-year-olds, electroencepha-
lography (EEG) was used to measure event-related potentials
(ERPs) while the participants were performing a Go/Nogo
task measuring exogenous cognitive control and a Gambling
paradigm measuring endogenous cognitive control (Mennes
et al. 2009). Effects were present in the Gambling paradigm,
but not in the GO/Nogo task. Importantly, the dissociation in
the effect of antenatal maternal anxiety on exogenous versus
endogenous cognitive control was evident in cognitive perfor-
mance as well as in brain activity.

The aim of the current study is to explore the consistency of
long term effects of maternal anxiety on offspring cognition
and functional brain correlates in the 20-year-old offspring.
More specifically, our study investigates brain correlates un-
derlying the association between maternal anxiety during
pregnancy and endogenous cognitive control. Based on the
previous results in the same sample (Mennes et al. 2006;
Van den Bergh et al. 2005a, 2006) we hypothesized the func-
tional fMRI-observed brain differences to be situated in the
prefrontal cortex, and more specifically in orbitofrontal cortex
(Mennes et al. 2006). We will investigate the 20-year-olds
with the Gambling paradigm used before with ERP in the
17 year olds (Mennes et al. 2009). In this paradigm partici-
pants have to assess risks, make decisions, monitor their total
scores and deal with gains and losses, all requiring endoge-
nous cognitive control. As the prefrontal cortex and its con-
nected circuitry is regarded the control center for such com-
plex executive behavior, we expect different prefrontal areas
to be modulated by this task (Miller and Cohen 2001). In
addition, imaging studies using task-switching paradigms
identified a region labelled inferior frontal junction, at the
junction between inferior frontal sulcus and inferior precentral
sulcus, as a key region in endogenous cognitive control, next
to mid-dorsolateral prefrontal cortex and medial-frontal re-
gions (Brass et al. 2005; Brass and von Cramon 2004;
Forstmann et al. 2005).
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To the best of our knowledge, our study sample is the only
prospective longitudinal sample in the DO(B)HaD field that
includes offspring cognitive ánd multimodal brain imaging
measures across adolescence and adulthood. This makes the
current study an innovative and important one. However,
since our current sample size is limited our results should be
regarded as preliminary. As will be explained, the internal
validity of our results is sound considering valid data gather-
ing and data analyzing techniques, however external validity
will only be guaranteed after the results would have been
confirmed in a larger sample.

Methods

Participants

At the start of the study, nulligravidae aged between 18 and
30 years old, who were between 12 and 22 weeks pregnant
and without obstetrical complications or medical risks were
recruited from the University Hospital Gasthuisberg in
Leuven (Belgium). All participating mothers (N = 86) were
Caucasian, Dutch-speaking and none had a psychiatric histo-
ry. Medical, pregnancy and birth outcome measures were ob-
tained from hospital records.We refer to previous publications
for a broader description of the sample and study design (Van
den Bergh and Marcoen 2004; Van den Bergh et al. 2005a;
Mennes et al. 2006).

Previous results of the longitudinal research project this
study is part of yielded more consistent results in boys com-
pared to girls. This might be due to the fact that the assessed
cognitive functions are more likely to be associated with an-
tenatal maternal anxiety in boys, compared to a higher chance
for mood-related disorders in girls (Van den Bergh et al.
2008). For this reason and the fact that the high anxiety off-
spring group comprised only five women, we included only
men in the current study.

For the current study, eighteen 20-year-old male partici-
pants were selected based on the anxiety grouping at age 17.
At that age, the participants were divided in a low-average and
high anxiety group based on whether the anxiety scores of
their mothers during weeks 12–22 of their pregnancy was
lower than 43 (< Pc 75) or at least 43 (> = Pc75) (see
Mennes et al. 2006 and see 2.1 below). Ten of these partici-
pants were part of the high anxiety group and except for one
participant who could not be contacted and one participant
who wore braces (i.e., was not MRI compatible), all were
included in the high anxiety group of the current study (n =
8). The data of the participants in the high anxiety group were
compared to those of 10 participants of the low-average anx-
iety group. The participants of the low-average anxiety group
were selected to match the cognitive abilities of those in the
high anxiety group. One participant of the low-average

anxiety group was excluded from the final analyses because
his performance on the gambling task was well outside the
range of the other participants in the low-average anxiety
group. Therefore, the final low-average anxiety group includ-
ed nine men compared to eight men in the high anxiety group.
Mean Performance IQ (WAIS-III) in the low-average group
was 99.67 (SD = 9.95), compared to 98.25 (SD = 8.65) for the
participants in the high anxiety group. This difference was not
significant, proving that both groups were appropriately
matched (t15 = −.31, p = .76).

Participants in both groups were born between 36 and
40 weeks (MHigh anxiety = 39.14 weeks (SD = 1.5),MLow-average

anxiety = 38.9 weeks (SD = 2.17); t15 = .24, p = .81) and 5 min
had Apgar scores of 9 or 10. There was no difference in mean
birth weight between both groups (MHigh anxiety=3478 g (SD =
403.54);MLow-average anxiety = 3470 g (SD = 603.96), t15 = .03,
p = .97). The mean age of the participants was 20.07
(SD = .23) in offspring of the high anxiety group and 20.00
in the low-average anxiety group (SD = .21) (t15 = .553;
p = .52).

Measures of maternal anxiety during and
after pregnancy

Maternal anxiety was measured with a Dutch version of the
State Trait Anxiety Inventory (STAI; Van der Van der Ploeg
et al. 1980) at least three times during pregnancy (i.e., at 12–
22, 23–31 and 32–40 postmenstrual weeks). The STAI con-
tains 2 subscales each consisting of 20 items with a four-point
scale (1 to 4). The State subscale provides a valid measure of
the intensity of transitory anxiety in response to real life stress.
Trait anxiety refers to disposition or proneness to react with
anxiety. A cut-off value of 43 was chosen to divide the sample
in a low-average versus high anxiety group. This value corre-
sponds with percentile 75 of the State anxiety scale, completed
between 12 and 22 weeks of pregnancy in our total sample.
Similarly, in a recent population-based study in the
Netherlands (N = 6.443) 43 was taken as cut-off value for high
anxiety measured with the State anxiety subscale for the STAI
(Koelewijn et al. 2017). As expected, at 12–22 weeks of preg-
nancy maternal anxiety was higher in the high anxiety group
compared to the low-average anxiety group (M High anxiety =
51.6 (SD = 6,00), M Low-average anxiety = 36.48 weeks (SD =
4.30); t 15 = 6.02, p = .000). However, there was no difference
in maternal anxiety between the experimental groups at weeks
23–31 (M High anxiety = 41.88 (SD = 8.98),M Low-average anxiety =
36.33 weeks (SD = 11.13); t 15 = 1.11, p = .285) and weeks
32–40 (M

High anxiety
= 38.67 weeks (SD = 9.28), M Low-average

anxiety = 38.67 weeks (SD = 7.55); t 15 = .16, p = .87).
Because sustained high maternal anxiety in the life course

of the offspring may affect offspring development we wanted
to establish a measure that could be used to control for its
possible influence on the dependent variables. To this end,
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the STAI was postnatally completed by the mothers in each
wave of the study: i.e., at 1, 10, and 28weeks (postnatal part of
first wave), at 8/9 years (second wave), at 14/15 (third wave)
and at 17 years (fourth wave). A principal component analysis
was conducted on all postnatal trait anxiety measures (on the
complete sample of the longitudinal study). This revealed one
component, explaining 65% of the variance in all six mea-
sures. A variable consisting of the standardized component
score for each mother was used as covariate; it was not signif-
icantly different between the two groups (M High anxiety = .51
(SD=. 99), X Low-average anxiety = .29 (SD = .95); t 15 = .46,
p = .65).

Socioeconomic status: parents’ educational level

In prior studies on our cohort, socioeconomic status was based
on education of both parents (Van den Bergh and Marcoen
2004), since this highly correlated with employment and in-
come and reflects the material, intellectual and other resources
to which the offspring is exposed (e.g., Galobardes et al.
2006). Maternal and paternal education was coded on a 4-
point scale: (1) secondary education until age 15 (i.e, 9 years);
(2) secondary education until age 18 (i.e., 12 years); (3) higher
education: bachelor’s degree (i.e.,15 years) (4) higher educa-
tion: master’s degree (16–21 years). In the high anxiety group,
50% of mothers and 62,5% of fathers obtained at least a bach-
elor’s degree; in the low-average anxiety group these percent-
ages were 44,4% and 33,3%. A principal component analysis
conducted on maternal and paternal educational level yielded
one component explaining 85% of the variance. The mean
component score was not different between parents of both
groups (X High anxiety = −.075; SD = 1.12),X Low-average anxiety =
−.52; SD = −1.04; t 15 = .86, p=. 40).

Parents and offspring behavioral problems
and psychopathology

We used the Adult Forms for ages 18 to 59 of the Achenbach
System of Empirically Based Assessment (ASEBA;
Achenbach and Rescorla 2003). The Adult Self- Report
(ASR) was completed by the 20-year-olds and the Adult
Behavior Checklist (ABCL) was completed by the mothers
and fathers to evaluate the behavior of their son. Questions
regarding these measures were not part of our research ques-
tions, however, to describe differences in the psychiatric profile
of the two groups, we tested whether the high and low-average
anxiety groups showed differences on theDSM-oriented scales
‘Inattention’ and ‘Hyperactivity-Impulsivity’ and on the broad-
band dimensions of Internalizing and Externalizing problems
(cf. Wiggs et al. 2016). Furthermore, all mothers and fathers
also evaluated their own behavior by completing the ASR
scale. The scores on the DSM-oriented scales and the broad-
band dimensions of Internalizing and Externalizing problems

derived from the ASR scales completed by the parents can be
seen as a mixture of a postnatal environmental exposure vari-
able (i.e., to which parental psychopathology have the 20-year-
olds postnatally been exposed?) and a proxy variable of genetic
endowment. Both kinds of variables are potential confounders
and if significant scale differences between both groups would
be found, the analyses regarding the main questions should be
controlled for these scales. Yet, no differences between the two
groups were detected for Inattention and Hyperactivity-
Impulsivity, nor for Internalizing or Externalizing problems
no matter whether the measures were based on the ASR com-
pleted by the 20-year old himself, or on the ABCL and ASR
completed by the mother and the father (all p’s < .05).
(Complete scale scores and results of statistical tests are avail-
able from the last author).

Gambling paradigm

A complete description of the Gambling paradigm can be
found in Mennes et al. (2008). The same paradigm was used
in the current study. Figure 1 shows a stimulus sequence. A
two-sided colored bar appeared on the screen. Participants
could gamble on the side they thought a token was hidden
underneath by pressing a button according to the chosen side.
A correct gamble resulted in winning a number of points that
was shown above the stimulus bar (ranging from 10 to 100).
An incorrect gamble resulted in losing a number of points
shown below the bar (ranging from 0 to 100). However, sub-
jects were also given the opportunity to refrain from making a
gamble. If participants felt insecure about their decision, or if
they found the gain too low or the loss too high, they could
choose not to gamble. In that case they just had to wait for the
stimulus to disappear. Refraining from gambling always re-
sulted in earning 20 points. All participants received a 100-
point credit to start with and were verbally motivated to earn
as much points as possible.

Two changes were made to the paradigm to optimize it for
use in fMRI. First, in 33% of trials the feedback and total score
stimuli were replaced by dummy trials consisting of the gray
background screen with a fixation cross in the middle. This
was done to avoid a coupling of the BOLD response between
the gambling and the outcome stimuli. The dummy trials were
randomly mixed with normal feedback trials. Second, the du-
ration of the decision and feedback phase of the trials was
randomly jittered in steps of 100 msec. The decision phase
lasted between 3800 and 5800 msec. The gambling stimulus
itself remained visible for 3500 msec. The length of the feed-
back phase varied between 2200 and 4800 msec. The feed-
back stimulus was visible for 900 msec, after an interval of
100 msec the total score was shown for 900 msec.

Four decision trial conditions could be dissociated in this
paradigm for analysis purposes. While the whole paradigm
requires endogenous cognitive control, we dissociated two
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trial types that were more exogenous in nature, and two that
were more endogenous. First, there were clearly favorable
trials that always led participants to a gamble. This trial type
was defined by a win proportion > 80% and a gain over 20
points. These trials were labeled GO trials. Second, there were
trials that should always lead to a pass. This trial condition
comprised trials with a gain of only 10 or 20 points, regardless
of the proportional division of the colored bar. In these trials
gambling was always disadvantageous as participants were
certain of a 20 point gain when passing. Therefore, these trials
were labeled NOGO trials. Both the GO and NOGO trials
were considered to be exogenous trials as it is the stimulus
that signals the participant on the most appropriate action. The
third and fourth trial condition included trials with a propor-
tional division between 50% and 75%, and a gain exceeding
20 points. These characteristics are not clearly pro gambling
or pro inhibition. Instead it is not immediately clear to the
participants which response should be given. The final deci-
sion in these trials will be guided by the interpretation of
different kinds of information such as previous experiences,
the gain or gain/loss ratio, the total score, or the moment dur-
ing the task (e.g., at the beginning or near the end). Based on
the chosen response, both a GAMBLE and PASS trial condi-
tion were defined. These trials are considered endogenous
because the participants themselves decide on the most appro-
priate action without any cue from the stimulus. As such an
identical trial sometimes leads to a gamble but other times to a
pass depending on the decision of the participant.

All participants completed a practice run of 20 trials before
entering the MR environment. During the fMRI session, all
participants completed four runs of the task. Each run
contained 50 gamble trials, resulting in a total of 200 trials
for each participant.

fMRI data acquisition

Data were acquired on a 3.0-T MR system (Achieva, Philips,
Best, the Netherlands) with an eight-channel phased-array
head coil. Functional images were acquired using a T2*-
weighted gradient echo (GE) echo planar imaging (EPI) se-
quence (TR = 1950 ms, TE = 33 ms; flip angle =90°; field of
view = 240 × 240mm2; acquisition matrix = 80 × 78; acquired
voxel size = 3 × 3.05 × 4.5 mm3; 28 4.5 mm axial slices; EPI
factor = 61; SENSE reduction factor = 1.4). For each run of
the Gambling task 215 dynamic scans were acquired (total
acquisition time = 7 min 13 s). For anatomical reference
one high-resolution 3D-TFE T1-weighted structural scan
was acquired for each subject (acquisition matrix = 256 ×
182; field of view = 250 × 180 mm2; ip angle = 8°; TR =
9.725 ms; TE = 4.6 ms; acquired voxel size = 0.98 ×
0.98 × 1 mm3; 230 1 mm coronal slices; SENSE reduc-
tion factor = 1.4). Stimuli were presented using the
Eloquence fMRI system (InvivoMDE, MRI Devices
Corporation Inc., Orlando, FL, USA).

Statistics

Confounding variables To establish whether maternal anxiety
measured during weeks 23–31 and 32–40 of pregnancy, the
postnatal maternal anxiety component score or birth weight,
and/or the socioeconomic status of the parents should be in-
cluded as covariates in the analyses, a prior correlation analy-
sis was performed. This revealed no significant correlations
between the dependent variables (gambling contrast value,
totalscore) and maternal anxiety during the other pregnancy
periods, postnatal maternal anxiety, birth weight and socioeco-
nomic status nor between these confounding variables and

Fig. 1 Stimulus sequence of the Gambling paradigm. (For a full
description of the paradigm see Mennes et al. 2008). On each trial
participants were shown a proportionally divided colored bar (blue and
yellow). Participants could gamble on the location of a hidden token. A
correct gamble was rewarded the point shown above the bar, an incorrect
gamble resulted in a loss of the points shown below the bar. Participants

could also choose not to gamble and settle for a small reward (20 points),
as shown in trial 2 of this sequence. After each stimulus bar feedback was
given and the total score was updated and shown. (Jammer: Too bad;
Ka$$a Ka$$a: ‘ka-ching’). In this example, the participant would start
with a 100-point credit, which is decimated to 40 after gambling yet
losing on the first trial, resulting a losing 60 points

Brain Imaging and Behavior (2020) 14:830–846834



maternal anxiety measured during weeks 12–22 of pregnancy.
Therefore, these covariates were not included in the analyses.
The participants’ intelligence score was also not included as
the groups had been matched on intelligence test scores prior
to inclusion (as indicated above).

Gambling behavioral analysis Due to its longitudinal design,
the number of subjects included in the current phase of the
study is limited. As there was no homogeneity in the variances
of the dependent variables (assessed with Levene’s Test), even
after log-transforming these variables to improve normal dis-
tribution, we used randomization statistics. We decided to use
this procedure instead of traditional parametric statistical tools
to assess the effect of anxiety on the untransformed behavioral
measures of the Gambling task because these methods are
not bound to any underlying parametric assumption. The
data for each subject in each of the two anxiety groups
were entered in two vectors and the difference between
the two means was calculated. After pooling both vectors,
two new samples each the size of the previous vectors,
were randomly drawn from the total sample and the dif-
ference between the means of these two new vectors was
calculated. This was repeated 100,000 times, resulting in
100,000 differences. The difference between the original
vectors was regarded significant when the probability of
observing that difference was less than 5% when
assessing the distribution of the differences calculated be-
tween the randomly drawn samples.

fMRI analyses Data were analyzed off-line using SPM5 soft-
ware (Wellcome Department of Imaging Neuroscience,
London, UK). All functional images were slice-time corrected
and spatially realigned to the first volume of the first run. After
coregistering the functional images to the anatomical image,
they were spatially normalized to a custom-made T1 brain in
the standard space of the Montreal Neurological Institute. The
normalized functional images were resliced into 2 mm3 iso-
tropic voxels in MNI standard space and were spatially
smoothed with a 6 mm full-width at half-maximum
Gaussian kernel.

First, we wanted to identify prefrontal areas that are related
to decision making upon presentation of the gambling stimu-
lus. Identifying such task or condition specific regions will
allow interpreting antenatal maternal anxiety related BOLD
modulations in relation to the underlying decision-related cog-
nitive processes. Prior to a second-level analysis assessing the
effects of the included conditions, a first level analysis was
performed on the data of each the nine men the low-average
group. The GO, NOGO, GAMBLE and PASS trial conditions
were modeled with a canonical hemodynamic response func-
tion (HRF), including time and dispersion derivatives. Next to
the four decision trial conditions, negative, positive and neu-
tral feedback were also modeled when present (i.e. some

participants managed to finish runs without losing and thus
also without receiving negative feedback). The six movement
parameters of each session were included as covariates in the
analysis. Note, that as these were all young adults, headmove-
ment was overall low in our sample, with an average maxi-
mum translation of 0.75mm (SD = 1), and no difference in the
maximum amount of head motion between the low-average
and high anxiety groups (t = −0.71, p = 0.48).

Based on this analysis the percentage of signal change was
calculated for each of the four decision conditions (GO,
NOGO, GAMBLE, and PASS). These maps of the percentage
of signal chance in each condition were then used in a second
level 2-by-2 random-effects factorial analysis including the
factors go/nogo and exogenous/endogenous. These factors
were not independent because they comprised repeated
measures from the same participants. The 2-by-2 design
effectively consisted of four cells each including one of
the four decision trial conditions of the Gambling task
(go/exogenous: GO; nogo/exogenous: NOGO; go/endog-
enous: GAMBLE; nogo/exogenous: PASS). Significance
for this analysis was assessed at false discovery rate
(FDR) level with p < .05. Clusters were only assessed
if they exceeded 50 voxels in size and were located
anterior of central sulcus.

In a second analysis, we assessed the influence of antenatal
maternal anxiety on the BOLD response of the participants
using a fixed-effects analysis including all four runs of each of
the 17 participants. The fixed-effects model, providing more
degrees of freedom and statistical power, was chosen due to
the limited number of subjects in both groups. As for the
individual first level analyses described above, all four deci-
sion conditions and the three feedback conditions were
modeled with a canonical HRF including time and dispersion
derivatives. Again, the six movement parameters were includ-
ed as covariates of no interest for each run. An F-contrast for
comparing the low-average and high anxiety groups was cal-
culated as a disjunction-contrast including effects of either
condition. This means that the conditions were not pooled
together but the calculated contrast included differences be-
tween the low-average and high anxiety groups in the GO or
NOGO or GAMBLE or PASS condition. Significance thresh-
old was set at an alpha level of .05 corrected for multiple
comparisons (FWE). Only clusters including more than 50
significant voxels were interpreted. Next, significant clusters
from this analysis were used as regions of interest (ROI) in
separate 2-by-2 factorial ROI-based group analyses. For each
ROI the percentage of signal change was calculated for each
participant and compared in a repeated measures ANOVA,
where participants were treated as a random factor. The model
included group (low-average versus high anxiety) as between-
subjects factor, and go/nogo and exogenous/endogenous as
within-subjects factors. For these analyses a significance level
of p < .05 was used.
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Results

Gambling behavioral results

The participants in the high anxiety group performed signifi-
cantly worse on the Gambling task compared to the partici-
pants of the low-average anxiety group. As can be seen in
Fig. 2, there was a difference in the distribution of gambles/
passes across trials between both anxiety groups. This

distribution was quantified in a contrast measure defined as
(M-S)/(S +M) where S is the proportion of gambles in the
NOGO trials and M the proportion of gambles in all other
trials. This contrast ranges between −1 (only gambles in the
NOGO trials) and 1 (only gambles in the other trials), with 0
indicating equal percentages of gambles in both trial catego-
ries. The scatterplot in Fig. 2 clearly shows that the contrast
was close to 1 for the participants in the low-average anxiety
group (M = 0.96, SD = 0.02), and significantly higher com-
pared to the contrast for the high anxiety group (M = 0.88,
SD = 0.14) (p < .03).

Next to a difference in this gambling contrast the partici-
pants in the high anxiety group also earned significantly less
points across the four sessions compared to the participants in
the low-average group (low-average: M = 7953, SD = 494.22;
high: M = 6735, SD = 1460.3; p < .02). There was no effect of
anxiety on the reaction time or the standard deviation of the
reaction time.

fMRI results

Effects of condition in the low-average anxiety group

Significant regions of activation for the effects of condition in
the participants of the low-average anxiety group are shown in
Table 1. Five prefrontal clusters showed significant differ-
ences when assessing the effect of go (including the GO and
GAMBLE trials) versus nogo (including the NOGO and
PASS trials) decision trials. Clusters in left middle frontal
gyrus and right superior frontal sulcus showed a go < nogo
effect. In contrast, anterior cingulate cortex (ACC), left insula
and left inferior precentral sulcus showed a go > nogo effect.
As expected, the strongest go > nogo effects were observed in
primary motor cortex.

A number of clusters showed significant differences related
to the exogenous (GO and NOGO) and endogenous
(GAMBLE and PASS) trials. These clusters are shown in
Fig. 3. Except for one cluster in left middle frontal gyrus all
clusters showed greater activations in the endogenous com-
pared to the exogenous trials. This effect included clusters in
right dorsal ACC, right inferior frontal sulcus, right inferior
frontal junction, right inferior precentral sulcus, right superior
frontal sulcus, and left operculum. There were no clusters that
showed a go/nogo by exogenous/endogenous interaction.

Effects of maternal anxiety during weeks 12–22 of pregnancy

Comparing the BOLD response of the participants in the low-
average anxiety group with that of the participants in the high
anxiety group yielded 15 significant clusters in prefrontal cor-
tex (see Table 2). Investigating the percentage of signal
change in each of these ROIs, revealed that the relationship

Fig. 2 Percentage of gambles made in the different trials of the Gambling
paradigm for the low-average and high anxiety group. Darker squares
indicate a higher percentage of inhibitions (black = 100% pass), lighter
squares indicate a higher percentage of gambles (white = 100% gamble).
Trials are ordered according to the proportional division of the stimulus
bar (Y-axis) and the amount of points that could be won (X-axis). The
bottom graph shows the contrast values calculated based on the
behavioral diagrams of each participant in relation to the maternal state
anxiety score at 12–22 weeks of pregnancy
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between the BOLD response and the level of antenatal mater-
nal anxiety differed depending on the assessed ROI.

First, there were six ROIs that showed a main effect of
anxiety, without any interactions between anxiety and the
within-subject variables. These ROIs could be further divided
based on the difference between both anxiety groups. Four
ROIs showed activations in the participants of the low-
average anxiety group, but not in the participants of the high
anxiety group (see Fig. 4). These included left inferior
precentral sulcus (F(1,15) = 8.06; p < .01), left inferior frontal
gyrus pars opercularis (F(1,15) = 9.5; p < .01), left middle
frontal gyrus superior (F(1,15) = 11.5; p < .01) and a ROI in
ACC (F(1,15) = 5.8; p < .03). In contrast, as shown in Fig. 5,
left superior frontal junction (F(1,15) = 12.8; p < .01) and a
cluster in left inferior frontal sulcus (F(1,15) = 6.99; p < .02)
showed no activation in the low-average anxiety group, but
positive activations in the high anxiety group. A similar effect
was observed in a cluster in left inferior frontal gyrus pars
triangularis (F(1,15) = 7.31; p < .02). Here the participants of
the high anxiety group showed negative activations in absence
of activations for the low-average anxiety group. This cluster
also showed a significant anxiety by exogenous/endogenous
interaction (F(1,15) = 4.96; p < .05), due to a positive

activation observed in activation for the PASS trials of the
low-average anxiety group.

Second, Fig. 6 shows six ROIs where the ANOVAyielded
an anxiety by exogenous/ endogenous interaction. Again
these could be subdivided. In four ROIs an exogenous/ endog-
enous modulation could be observed in the activations of the
participants of the low-average anxiety group. However, this
modulation was absent in the participants of the high anxiety
group. These ROIs included right inferior frontal junction
(F(1,15) = 11.27; p < .01), right middle frontal gyrus inferior
(F(1,15) = 16.94; p < .001), and a bilateral ROI in inferior
precentral sulcus (left: F(1,15) = 13.18; p < .01; right:
F(1,15) = 6.8; p < .02). Next to these four clusters there were
two clusters that showed an exogenous/endogenous effect in
the participants of both anxiety groups. However, the differ-
ence in activation between the participants in the low-average
anxiety group and those in the high anxiety group was larger
in the endogenous trials compared to the difference between
both groups in the exogenous trials. These clusters were found
in left superior frontal junction (F(1,15) = 5.26; p < .04) and
left middle frontal gyrus anterior (F(1,15) = 6.8; p < .02).

Third, one cluster yielded an anxiety by go/nogo interac-
tion. This cluster in right superior frontal junction (F(1,15) =

Table 1 Regions activated during
the decision phase of the
Gambling paradigm in the
adolescents of the low-average
anxiety group

Side x y z t-
value

n voxels

Main effect go/nogo

go > nogo

Inferior precentral sulcus L −60 6 30 5.21 82

Insula L −38 2 12 5.70 228

ACC R 4 −2 54 6.63 824

R 2 −16 54 5.55

R 6 4 44 5.02

go < nogo

Middle frontal gyrus L −36 16 56 −4.71 74

Superior frontal gyrus R 22 24 58 −4.86 56

Main effect of exogenous/endogenous

Exogenous > endogenous

a Middle frontal gyrus L −30 32 48 6.07 154

Exogenous < endogenous

b Superior frontal sulcus R 28 4 58 −6.27 232

c Inferior precentral sulcus R 54 12 26 −4.69 91

d Inferior frontal junction R 38 22 36 −4.39 74

e ACC R 6 20 48 −9.84 1791

R 10 30 34 −7.92
R 0 18 54 −6.39

f operculum L −30 28 0 −5.60 117

g operculum R 32 22 4 −8.69 395

h Inferior frontal sulcus R 36 32 26 −6.16 237

Activations are assessed at false discovery rate (FDR), p < .05
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11.68; p < .01) was active only in the go (GO and GAMBLE)
trials of the participants of the low-average group.

Fourth, there was one cluster that yielded a 3-way anxiety
by go/nogo by exogenous/endogenous interaction. However,
it is not clear what caused the effect in this left superior
precentral sulcus cluster (F(1,15) = 6.42; p < .02), as post-
hoc comparisons did not yield significant differences between
both anxiety groups in each of the four conditions. Borderline
differences were observed in the GO (p = .06) and PASS
(p = .08) condition.

In summary, we found clusters that were active only in the
participants of the low-average anxiety group (n = 4), clusters
that were active only in the participants of the high anxiety
group (n = 3), clusters that showed an exogenous/endogenous
modulation only in the participants of the low-average anxiety
group (n = 4), clusters where the difference between both anx-
iety groups was larger for endogenous trials (n = 2), one clus-
ter that was active only in the go trials of participants in the
low-average anxiety group and finally one cluster showing
mixed results. It is important to note that most clusters were
found in the left hemisphere, except for the clusters showing
an exogenous/endogenous modulation in the participants of
the low-average group but not in the participants of the high
anxiety group.

There was no overlap between the clusters that showed
anxiety related modulations and the clusters that were activat-
ed in the participants of the low-average anxiety group by the
go/nogo condition manipulation. In contrast, there were four
clusters, showing more activity in endogenous compared to

exogenous trail conditions in the low-average anxiety group,
that overlapped with clusters that were also significant in the
comparison between the two anxiety groups. These clusters
were observed in ACC, inferior frontal sulcus, inferior frontal
junction and inferior precentral sulcus. All were lateralized to
the right hemisphere.

Discussion

The effect of maternal anxiety during pregnancy
on the BOLD response in 20-year-old men

The BOLD response of 20-year-old men measured during
decision making in a Gambling paradigm was found to be
related to the level of anxiety reported by their mothers during
weeks 12–22 of pregnancy. We observed a heterogeneous
pattern of differences in brain activation related to antenatal
maternal anxiety in a number of areas in prefrontal cortex.
Some of these clusters were also modulated by the
exogenous/endogenous cognitive control manipulation in the
Gambling paradigm but only in the participants of the low-
average anxiety group. Opposed to our previous hypothesis
that was based on purely neurocognitive behavioral results,
the BOLD modulations that yielded a relationship with ante-
natal maternal anxiety were not confined to orbitofrontal cor-
tex. There were no effects of antenatal maternal anxiety on
brain activity related to mere response inhibition, nor in brain
areas commonly involved in successful inhibition.

Fig. 3 Activation maps of the
exogenous/endogenous manipu-
lation in the Gambling paradigm
for the participants in the low-
average anxiety group. Left top
shows an overview of the activa-
tions plotted on the right hemi-
sphere of the PALS-B12 atlas
using CARET software (http://
brainmap.wustl.edu/caret, Van
Essen 2002). Coronal slices show
activations plotted on the mean
T1 image of the nine participants
of the low-average anxiety group.
Maps are thresholded at FDR p < .
05, t > 3.59. Red colors indicate
exogenous > endogenous activa-
tions, blue indicates endogenous
> exogenous activations. Letters
indicate clusters as shown in
Table 1
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Importantly, these findings confirm our previous exogenous
cognitive control results as well as our ERP results in the same
sample, where no behavioral, nor brain wave differences were
found in simple go/nogo conditions.

As hypothesized, the exogenous/endogenous manipulation
in the Gambling task yielded the most important modulations
related to antenatal maternal anxiety. In four prefrontal clus-
ters, including the right inferior frontal junction, an anxiety by
exogenous/endogenous interaction indicated that the partici-
pants in the low-average anxiety group showed more positive
activity in the endogenous compared to the exogenous trials,
while such modulation was absent in the participants of the
high anxiety group. Because these clusters were directly relat-
ed to the endogenous aspect of the task, as revealed by the
separate exogenous/endogenous contrast calculated for the
participants of the low-average anxiety group only, it is likely
that these clusters are relevant for the implementation of en-
dogenous cognitive control. These results are in line with oth-
er studies associating inferior frontal junction with endoge-
nous cognitive control in gambling (Meder et al. 2016;
Vallesi et al. 2015; Zysset et al. 2006) and task-switching

paradigms (Brass et al. 2005; Forstmann et al. 2005). More
importantly, the overlap between these clusters and clusters
indicating a difference in brain activity related to antenatal
maternal anxiety confirms our previous hypothesis regarding
an association between antenatal maternal anxiety and endog-
enous cognitive control (Mennes et al. 2006; Van den Bergh
et al. 2005a, 2006). The observed differences in activation
suggest that modulations in brain activity typically related to
endogenous cognitive control are not present in the partici-
pants of the high anxiety group. Therefore, they suggest less
efficient implementation of endogenous cognitive control in
the offspring of mothers experiencing high levels of anxiety
during their pregnancy.

A number of prefrontal clusters yielded a main effect of
anxiety. Half of these clusters showed this effect due to sig-
nificant deactivation in the participants of the low-average
anxiety group compared to no activity at all in the high anxiety
group. Deactivation of prefrontal regions including the poste-
rior insula during cognitively demanding tasks is associated
with an increase in the need for focused attention towards the
specific task demands (Gusnard and Raichle 2001; Lawrence

Table 2 Regions that are
activated during the decision
phase of the Gambling paradigm
when comparing the adolescents
of the low-average anxiety group
to the adolescents of the high
anxiety group

Side x y z F-value n voxels

Main effect of anxiety

1 Inferior precentral sulcus, superior L −37 8 50 8.66 561

2 Inferior frontal gyrus, pars opercularis L −56 16 16 9.28 300

3 Middle frontal gyrus, superior L −32 20 52 6.34 561

4 ACC R 8 34 42 7.04 58

5 Superior frontal junction L −22 6 58 9.50 128

6 Inferior frontal sulcus L −36 10 32 10.26 561

7 Inferior frontal gyrus, pars triangularis L −48 40 8 6.43 98

Anxiety by exogenous/endogenous interaction

8 Superior frontal junction L −28 −10 68 13.92 188

9 Middle frontal gyrus, anterior L −24 56 26 8.62 197

10
Inferior precentral sulcus L −52 12 34 8.85 113

11 Inferior precentral sulcus R 58 10 30 10.43 606

12
Inferior frontal junction R 44 20 40 6.76 606

13
Middle frontal gyrus, inferior R 40 38 20 10.70 606

Anxiety by go/nogo interaction

14
Superior frontal junction R 32 −8 66 7.39 86

Anxiety by go/nogo by exogenous/endogenous interaction

15
Superior precentral sulcus L −48 0 38 12.75 130

Activations are assessed at p < .05 corrected for multiple comparisons (FWE)
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et al. 2003) or to an optimization of performance by minimiz-
ing interference from task-irrelevant areas (Tomasi et al.
2006). In line with this, Hester et al. (2004) have found that
unsuccessful inhibition trials were associated with a failure to
deactivate the insula, suggesting that a failure in attention
regulation was the cause for unsuccessful performance. In
the present study, the insula was equally deactivated across
exogenous and endogenous conditions in the participants of
the low-average anxiety group, suggesting task-related, but
not condition-specific deactivation. In contrast, the other clus-
ters that yielded a main effect of anxiety showed no activation
in the participants of the low-average anxiety group compared
to either clearly positive or negative activations for the partic-
ipants of the high anxiety group, suggesting that these partic-
ipants effectively use other areas of prefrontal cortex during
decision making compared to the participants in the low-
average anxiety group. This is consistent with findings in chil-
dren with ADHD showing that these children use a more
diffuse network of prefrontal regions compared to control

children (Durston et al. 2003). Similar observations were
made in adults with ADHD, even after normalization of their
behavior through medication (Schweitzer et al. 2004).

Taken together these results indicate that there is a relation-
ship between the level of anxiety experienced by a mother
during pregnancy and deficits in endogenous cognitive con-
trol and its associated functional brain activity in the prefrontal
cortex of her offspring, while no deficits were seen in exoge-
nous cognitive control and correlated prefrontal functional
brain activity. Participants of mothers reporting high levels
of anxiety during weeks 12–22 of their pregnancy seem to
show discrepant activation in areas that are recruited by par-
ticipants of mothers reporting low to average levels of anxiety.
In addition, the participants in the high anxiety group recruited
areas that were not active in the participants of the low-
average anxiety group. The suboptimal cognitive control re-
sults for this group suggest that the network recruited by par-
ticipants in the high anxiety group is less efficient compared to
the network of areas used by participants in the low-average

Fig. 4 Overview of clusters
showing more deactivation in the
participants of the low-average
anxiety group. Bar plots show the
percentage of signal change in the
designated clusters for each of the
four decision conditions of the
Gambling paradigm. Activated
clusters are plotted on the left and
right hemisphere of the PALS-
B12 atlas using CARET software
(http://brainmap.wustl.edu/caret,
Van Essen 2002). Activations are
thresholded at p < .05 corrected
for multiple comparisons (FWE),
F > 4.39. Numbers indicate
clusters as shown in Table 2
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anxiety group. Especially areas that are important for the im-
plementation of endogenous cognitive control were not mod-
ulated by this type of cognitive control in the participants of
the high anxiety group.

It is possible that a difference in maturation underlies the
observed differences in activation between the participants in
the low-average and high anxiety groups. The prefrontal cor-
tex still undergoes developmental changes during adolescence
(Paus 2005) and even adulthood (Billiet et al. 2015). Imaging
studies on the development of cognitive control provide evi-
dence showing also functional changes in the involved pre-
frontal circuitry with maturation (Bunge et al. 2002; Durston
et al. 2002). However, although the majority of areas that were
related to antenatal maternal anxiety showed less activation in
the participants of the high anxiety group, we also found areas
showing increased activation for this group. This suggests that
the participants in the high anxiety group potentially compen-
sate for the less efficient activation of certain areas by
recruiting extra areas that were not recruited by the partici-
pants in the low-average anxiety group.

To the best of our knowledge, this is the first study to
directly associate maternal anxiety during pregnancy with
task-related functional magnetic resonance imaging (fMRI)
in adult offspring, using a prospective design. This enables
us to link a specific aspect of adult behavior (i.e., endogenous
cognitive control) as well as its associated brain activation
(i.e., the BOLD response), to antenatal exposure to maternal
anxiety. Although we cannot directly compare our results to
those of other task-related fMRI studies, they do in general
correspond to those of studies showing that MPDP is

associated with changes in prefrontal functional connectivity
as measured with fMRI, be it that the latter studies involved
only infants (e.g., Posner et al. 2016; Qiu et al. 2015a).

Study limitations

It is possible that the present effects are due to genetic differ-
ences interacting with antenatal anxiety. We cannot disentan-
gle genetic effects versus environmental effects since we lack
information on genetic profiles of the participants and their
mothers and fathers. If genetic effects would be vital, a signif-
icant correlation between postnatal maternal anxiety and the
dependent variables should have been found; however, this
was not the case. Also, none of DSM oriented scales, inter-
nalizing and externalizing problem derived from the parental
ASR scales were significantly different between the two
groups. If one sees these scales as proxy measures of the
genetic endowment for psychopathology, it is accordingly un-
likely that the present effects were mainly due to genetic dif-
ferences. A second limitation for our conclusions is the limited
number of participants we were able to include. Therefore, our
results should be considered preliminary and further valida-
tion in larger samples is needed. However, to mitigate this
concern, we had chosen a fixed-effects analysis for comparing
the brain activity of the participants of both anxiety groups.
Although providing valid results for the investigated sample
this type of analysis hampers possible interpretations with
respect to the total population; i.e., while the internal validity
is sound, the external validity of our results might be limited.
The smaller sample size also increases the chance for type II

Fig. 5 Overview of clusters
showing activation in the
participants of the high anxiety
group but not in the participants
of the low-average anxiety group.
Bar plots show the percentage of
signal change in the designated
clusters for each of the four
decision conditions of the
Gambling paradigm. Activated
clusters are plotted on the left
hemisphere of the PALS-B12
atlas using CARET software
(http://brainmap.wustl.edu/caret,
Van Essen 2002). Activations are
thresholded at p < .05 corrected
for multiple comparisons (FWE),
F > 4.39. Numbers indicate
clusters as shown in Table 2
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errors, indicating that significant differences were missed.
This could for instance be the case for activations in
orbitofrontal cortex. However, it should be noted that due to
the longitudinal design of the study it was impossible to in-
clude new participants as we would have no access to data on
the level of anxiety experienced by the mothers gathered

during their pregnancy. The longitudinal design is on the other
hand, also an obvious strength of the current study. Within the
same sample, we found evidence for an impairment in endog-
enous cognitive control related to the level of exposure to
antenatal maternal anxiety at different moments during devel-
opment and using different techniques (Mennes et al. 2006,

Fig. 6 Overview of clusters
showing a group by exogenous/
endogenous interaction. Bar plots
show the percentage of signal
change in the designated clusters
for each of the four decision
conditions of the Gambling
paradigm. Bar plots are not shown
for clusters 14 and 15. Cluster 14
showed a group by go/nogo
interaction, cluster 15 showed a
group by go/nogo by exogenous/
− endogenous interaction.
Activated clusters are plotted on
the left and right hemisphere of
the PALS-B12 atlas using
CARET software (http://
brainmap.wustl.edu/caret, Van
Essen 2002). Activations are
thresholded at p < .05 corrected
for multiple comparisons (FWE),
F > 4.39. Numbers indicate
clusters as shown in Table 2
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2009; Van den Bergh et al. 2005a, 2006). Finally, the choice of
our cognitive tasks has a tradeoff. In the gambling tasks (and
cognitive control tasks used in prior studies in this cohort), the
best performance was to be achieved by persons scoring high
on endogenous cognitive control. We know that the high anx-
ious group had no worse performance on exogenous cognitive
tasks, but only the use of genuine exogenous cognitive tasks
(where the best performance is to be achieved by persons who
score high on exogenous cognitive control) could have re-
vealed whether the high anxious group in fact excels in this
kind of tasks and what the associated functional brain net-
works are. If a proneness to react promptly to external signals
was to be found, this could be a strength (e.g., to act adaptive
in a dangerous or stressful environment, for which offspring
exposed to MPDP may have been ‘programmed’), but also a
risk factor (e.g., to develop an anxiety disorder). The final
outcome depends on whether or not vigilance becomes an
overgeneralized reaction, i.e., one that extends to safe envi-
ronments (Van den Bergh 2016; van den van den Heuvel et al.
2017). Studies focusing on offspring potential strengths are
lacking. However, they are important in the DO(B)HaD field
since results of these studies may lead to interventions that
focus on biological mechanisms and capitalize on strengths
and on enhancing resilience rather than on reducing symptoms
(Lewis et al. 2014; Schlotz and Phillips 2009).

The past and future of our cohort:
on neurodevelopmental disorders and underlying
mechanisms

Animal models, natural experiments and other empirical re-
search in humans have shown that next to the influence of
genetic factors (Stein et al. 2014), maternal distress during
pregnancy induces changes in the placenta, in offspring stress
and immune system, telomere length, microbiome, and brain
developmental processes, most probably by inducing changes
in epigenetic mechanisms, (Christian et al. 2009, 2010,
Christian 2014; Hanamsagar and Bilbo 2016; Knuesel et al.
2014; Labouesse et al. 2015; Leff-Gelman et al. 2016; Rakers
et al. 2017; Stein et al. 2014; Van den Bergh et al. 2017; Veru
et al. 2014, 2015). We plan to study some alterations in telo-
mere length, epigenetics, and the immune system in a future
wave of our cohort. We will again focus on the intermediate
level and e.g. examine changes in brain structural maturation
and whether there is evidence for an association between
MPDP and offspring altered white mattermicro-structure and
altered brain functional connectivity involving attentional
networks.

In previous waves of our longitudinal studies we showed a
link between MPDP and offspring neurodevelopmental disor-
ders such as ADHD (Van den Bergh and Marcoen 2004; Van
den Bergh et al. 2006) and depression (Van den Bergh et al.
2008). In the current study the ASR completed by 14

participants and the ACBL completed by their mothers and
fathers revealed no group differences. The lack of significant
differences for ADHDmeasures between the two groups may
be due to too low statistical power or may indicate that the
participants of the high anxiety group no longer show behav-
ior typically seen in persons with ADHD. It is tempting to
hypothesize that the higher fetal motor activity observed at
36–38 weeks of gestation in this cohort may be seen as a
precursor of hyperactive and impulsive behavior at the age
of 8–9 (Van den Bergh and Marcoen 2004) and 14–15 years
(Van den Bergh et al. 2006), and that fetal brain imaging
modalities would be able to already at that age (or even
earlier; see van den Heuvel and Thomason 2016) detect alter-
ations in brain structure and function associated with this be-
havior. In larger samples, studies of brain alterations in the
aftermath of exposure to MPDP should also aim at revealing
compensatory mechanisms. These mechanisms may explain
part of the phenotypical heterogeneity seen in many
neurodevelopmental disorders and which are considered in
the ‘multiple causal pathways model on the etiology of
ADHD’ (Faraone et al. 2015).

Conclusion

The current results show a relationship between functional
brain activity during task performance, measured with fMRI,
and the level of anxiety experienced by a mother during weeks
12–22 of her pregnancy, in a study with a prospective design.
The modulation of activity in areas that are important for the
implementation of endogenous cognitive control provides
compelling support for the hypothesis that high levels of ma-
ternal anxiety during pregnancy are related to a deficit in en-
dogenous cognitive control. These results are consistent with
those seen in the 17-year-olds, involving EEG measures. We
therefore conclude that both, a deficit in endogenous cognitive
control and the associated functional brain alterations are to be
seen as markers of exposure to MPDP which are persistent
until at least the age of 20. Due to the small sample size our
results are to be considered as preliminary; they need further
confirmation in larger samples. The current results also sug-
gest that the maturation of prefrontal cortex and functional
brain networks should receive special interest in future
DO(B)HaD research. Further research into the mechanisms
underlying the observed relationship is needed. Results of
these studies may then lead to a better understanding of off-
spring enhanced susceptibility to disorders and enable tailor-
ing interventions to the specific difficulties ánd strengths of
the affected offspring. Today, remedial programs for
neurodevelopmental disorders such as ADHD mainly target
symptoms (Faraone et al. 2015; Hinshaw 2018). However,
designing and providing interventions that reduce anxiety
and enhance resilience of the pregnant mother and/or also
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target biological processes that have predisposed the offspring
to developmental disorders may be more effective since they
may improve offspring motor, cognitive and affective out-
come and resilience right from the start. This kind of preven-
tive mental health care will be crucial in future public health
policy all over the world (e.g., Bauer et al. 2016).

Funding sources This work was supported by the Research Foundation
Flanders (FWO) (#G.0211.03), by KU Leuven (IMPH/06/GHWand IDO
05/010 EEG-fMRI). BVdB is supported by the European Commission
Seventh Framework Programme (FP7— HEALTH. 2011.2.2.2–2
BRAINAGE, grant agreement no: 279281). LL is holder of the `UCB
Chair on Cognitive Dysfunctions in Childhood’ at the KU Leuven. The
funding sources had no involvement in study design; in the collection,
analysis and interpretation of data; in the writing of the report; and in the
decision to submit the article for publication.

Compliance with ethical standards

Disclosure of potential conflicts of interest The authors declare that they
have no conflict of interest.

Research involving human participants The local ethical committee for
experiments on human subjects approved the study. The work described
has been carried out in accordance with The Code of Ethics of the World
Medical Association (Declaration of Helsinki) for experiments involving
humans.

Informed consent All participants were clearly informed about the
scanning procedures and gave their written informed consent.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

References

Achenbach, T. M., & Rescorla, L. A. (2003). Manual for the ASEBA
Adult Forms & Profiles. Research Center for Children, youth, &
families, University of Vermont, Burlington, VT, USA.

Bauer, A., Knapp, M., & Parsonage, M. (2016). Lifetime costs of perina-
tal anxiety and depression. Journal of Affective Disorders, 92, 83–
90.

Billiet, T., Vandenbulcke, M., Mädler, B., Peeters, R., Dhollander, T.,
Zhang, H., Deprez, S., Van den Bergh, B.R.H. & . Emsell, L.
(2015). Age-relatedmicrostructural differences quantified usingmy-
elin water imaging and advanced diffusion MRI. Neurobiology of
Aging, 36(6), 2107–2121. https://doi.org/10.1016/j.neurobiolaging.
2015.02.029.

Bock, J., Wainstock, T., Braun, K., & Segal, M. (2015). Stress in utero:
Prenatal programming of brain plasticity and cognition. Biological
Psychiatry, 78(5), 315–326. https://doi.org/10.1016/j.biopsych.
2015.02.036.

Bowers, M. E., & Yehuda, R. (2016). Intergenerational transmission of
stress in humans. Neuropsychopharmacology, 41(1), 232–244.
https://doi.org/10.1038/npp.2015.247.

Brass, M., & von Cramon, Y. (2004). Decomposing components of task
preparation with functional magnetic resonance imaging. Journal of
Cognitive Neuroscience, 16, 609–620.

Brass, M., Derrfuss, J., Forstmann, B., & von Cramon, D. (2005). The
role of the inferior frontal junction area in cognitive control. Trends
in Cognitive Sciences, 9, 314–316.

Bunge, S., Dudukovic, N., Thomason, M., Vaidya, C., & Gabrieli, J.
(2002). Immature frontal lobe contributions to cognitive control in
children: Evidence from fmri. Neuron, 33, 301–311.

Buss, C., Davis, E. P., Muftuler, L. T., Head, K., & Sandman, C. A.
(2010). High pregnancy anxiety during mid-gestation is associated
with decreased gray matter density in 6–9-year-old children.
Psychoneuroendocrinology, 35(1), 141–153. https://doi.org/10.
1016/j.psyneuen.2009.07.010.

Chen, L., Pan, H., Tuan, T. A., Teh, A. L., MacIsaac, J. L., Mah, S.M.,…
Holbrook, J. D. (2015). Brain-derived neurotrophic factor (BDNF)
Val66Met polymorphism influences the association of the
methylome with maternal anxiety and neonatal brain volumes.
Development and Psychopathology, 27(1), 137–150. https://doi.
org/10.1017/S0954579414001357.

Christian, L. M. (2014). Effects of stress and depression on inflammatory
immune parameters in pregnancy. American Journal of Obstetetrics
& Gynecology, 211(3), 275–277. https://doi.org/10.1016/j.ajog.
2014.06.042.

Christian, L. M., Franco, A., Glaser, R., & Iams, J. D. (2009). Depressive
symptoms are associated with elevated serum proinflammatory cy-
tokines among pregnant women. Brain, Behavior, and Immunity,
23(6), 750–754.

Christian, L. M., Franco, A., Iams, J., Sheridan, J., & Glaser, R. (2010).
Depressive symptoms predict exaggerated inflammatory responses
to an in vivo immune challenge among pregnant women. Brain,
Behavior, and Immunity, 24(1), 49–53.

Durston, S., Thomas, K. M., Yang, Y., Ulug, A. M., Zimmerman, R. D.,
& Casey, B. (2002). A neural basis for the development of inhibitory
control. Developmental Science, 5, F9–F16.

Durston, S., Tottenham, N., Thomas, K., Davidson, M., Eigsti, I., Yang,
Y., … Casey, B. (2003). Differential patterns of striatal activtion in
young children with and without ADHD. Biological Psychiatry, 53,
871–878.

ElMarroun, H., Tiemeier, H., Muetzel, R. L., Thijssen, S., van der Knaap,
N. J. F., Jaddoe, V. W. V.,…White, T. J. H. (2016). Prenatal expo-
sure to maternal and paternal depressive symptoms and brain mor-
phology: A population-based prosepctive neuroimaging study in
young children. Depression and Anxiety, 33(7), 658–666. https://
doi.org/10.1002/da.22524.

Faraone, S. V., Asherson, P., Banaschewski, T., Biederman, Buitelaar, J.
K., Ramos-Quiroga, J. A., Rohde, L. A., Sonuga-Barke, E. J. S.,
Tannock, R., & Franke, B. (2015). Attention-deficit/hyperactivity
disorder. Nature Reviews Disease Primers, 2015, 1–23.

Field, T., Diego, M., Hernandez-Reif, M., Figueiredo, B., Deeds, O.,
Ascencio, A., … Kuhn, C. (2010). Comorbid depression and anxi-
ety effects on pregnancy and neonatal outcome. Infant Behavior and
Development, 33(1), 23–29. https://doi.org/10.1016/j.infbeh.2009.
10.004.

Forstmann, D., Brass, M., Koch, I., & von Cramon, D. (2005). Internally
generated and directly cued task sets: An investigation with fMRI.
Neuropsychologia, 43(6), 943–952.

Franke,K., Van den Bergh, B.R.H., de Rooij, S.R., Nathanielsz, P.W.,
Witte, O.W., Roseboom, T.J., & Schwab, M. (2017). Effects of
prenatal stress on structural brain development and aging in humans.
https://doi.org/10.1101/148916.

Galobardes, B., Shaw, M., Lawlor, D. A., Lynch, J. W., & Smith, D. G.
(2006). Indicators of socioeconomic position (part 1). Journal of
Epidemiology and Community Health, 60, 7–12.

Gluckman, P. D., Hanson, M. A., Cooper, C., & Thornburg, K. L. (2008).
Effect of in utero and early-life conditions on adult health and dis-
ease. New England Journal of Medicine, 359(1), 61–73. https://doi.
org/10.1056/NEJMra0708473.

Brain Imaging and Behavior (2020) 14:830–846844

https://doi.org/10.1016/j.neurobiolaging.2015.02.029
https://doi.org/10.1016/j.neurobiolaging.2015.02.029
https://doi.org/10.1016/j.biopsych.2015.02.036
https://doi.org/10.1016/j.biopsych.2015.02.036
https://doi.org/10.1038/npp.2015.247
https://doi.org/10.1016/j.psyneuen.2009.07.010
https://doi.org/10.1016/j.psyneuen.2009.07.010
https://doi.org/10.1017/S0954579414001357
https://doi.org/10.1017/S0954579414001357
https://doi.org/10.1016/j.ajog.2014.06.042
https://doi.org/10.1016/j.ajog.2014.06.042
https://doi.org/10.1002/da.22524
https://doi.org/10.1002/da.22524
https://doi.org/10.1016/j.infbeh.2009.10.004
https://doi.org/10.1016/j.infbeh.2009.10.004
https://doi.org/10.1101/148916
https://doi.org/10.1056/NEJMra0708473
https://doi.org/10.1056/NEJMra0708473


Gusnard, D., & Raichle, M. (2001). Searching for a baseline: Functional
imaging and the resting human brain.Nature Reviews Neuroscience,
2, 685–694.

Hanamsagar, R., & Bilbo, S. D. (2016). Sex differences in
neurodevelopmental and neurodegenerative disorders: Focus on
microglial function and neuroinflammation during development.
The Journal of Steroid Biochemistry and Molecular Biology, 160,
127–133. https://doi.org/10.1016/j.jsbmb.2015.09.039.

Hanson, M., & Gluckman, P. (2011). Developmental origins of
noncommunicable disease: Population and public health implica-
tions. The American Journal of Clinical Nutrition, 94(6 Suppl),
1754S–1758S. https://doi.org/10.3945/ajcn.110.001206.

Harvison, K. W., Molfese, D. L., Woodruff-Borden, J., & Weigel, R. A.
(2009). Neonatal auditory evoked responses are related to perinatal
maternal anxiety. Brain and Cognition, 71(3), 369–374. https://doi.
org/10.1016/j.bandc.2009.06.004.

Hester, R. L., Murphy, K., Foxe, J. J., Foxe, D. M., Javitt, D. C., &
Garavan, H. (2004). Predicting success: Patterns of cortical activa-
tion and deactivation prior to response inhibition. Journal of
Cognitive Neuroscience, 16, 776–785.

Hinshaw, S. P. (2018). Attention deficit hyperactivity disorder (ADHD):
Controversy, developmental mechanisms, and multiple levels of
analysis. Annual Review of Clinical Psychology, 14, 291–316.

Hunter, S. K., Mendoza, J. H., D'Anna, K., Zerbe, G. O., McCarthy, L.,
Hoffman, C., … Ross, R. G. (2012). Antidepressants may mitigate
the effects of prenatal maternal anxiety on infant auditory sensory
gating. American Journal Psychiatry, 169(6), 616–624.

Knuesel, I., Chicha, L., Britschgi, M., Schobel, S. A., Bodmer, M.,
Hellings, J. A., … Prinssen, E. P. (2014). Maternal immune activa-
tion and abnormal brain development across CNS disorders. Nature
Reviews Neurology, 10(11), 643–660. https://doi.org/10.1038/
nrneurol.2014.187.

Koelewijn, J. M., Sluijs, A. M., & Vrijkotte, T. G. M. (2017). Possible
relationship between general and pregnancy-related anxiety during
the first half of pregnancy and the birth process: A prospective
cohort study. Britisch Medical Journal Open, 7, e013413.

Labouesse, M. A., Langhans, W., & Meyer, U. (2015). Long-term path-
ological consequences of prenatal infection: Beyond brain disorders.
American Journal of Physiology - Regulatory, Integrative and
Comparative Physiology, 309(1), R1–R12. https://doi.org/10.1152/
ajpregu.00087.2015.

Lawrence, N. S., Ross, T. J., Hoffmann, R., Garavan, H., & Stein, E. A.
(2003). Multiple neuronal networks mediate sustained attention.
Journal of Cognitive Neuroscience, 15, 1028–1038.

Lebel, C., Walton, M., Letourneau, N., Giesbrecht, G. F., Kaplan, B. J., &
Dewey, D. (2016). Prepartum and postpartum maternal depressive
symptoms are related to children’s brain structure in preschool.
Biological Psychiatry, 80(11), 859–868. https://doi.org/10.1016/j.
biopsych.2015.12.004.

Leff-Gelman, P., Mancilla-Herrera, I., Flores-Ramos, M., Cruz-Fuentes,
C., Reyes-Grajeda, J. P., García-Cuétara, M. d. P., … Pulido-
Ascencio, D. E. (2016). The immune system and the role of
rnflammation in perinatal depression. Neuroscience Bulletin,
32(4), 398–420. https://doi.org/10.1007/s12264-016-0048-3.

Lewis, A. J., Galbally, M., Gannon, T., & Symeonides, C. (2014). Early
life programming as a target for prevention of child and adolescent
mental disorders. BMC Medicine, 12(1). https://doi.org/10.1186/
1741-7015-12-33.

Lugo-Candelas, C., Cha, J., Hong, S., Bastidas, V., Weissman, M., Fifer,
W., … Posner, J. (2018). Associations between brain structure and
connectivity in infants and exposure to selective serotonin reuptake
inhibitors during pregnancy. JAMA Pediatrics, 172(6), 525–533.

Lusby, C.M., Goodman, S. H., Yeung, E.W., Bell, M. A., & Stowe, Z. N.
(2016). Infant EEG and temperament negative affectivity:
Coherence of vulnerabilities to mothers' perinatal depression.

Development and Psychopathology, 28(4pt1), 895–911. https://doi.
org/10.1017/S0954579416000614.

Meder, D., Haagensen, B. N., Hulme, O., Morville, T., Gelskov, S., Herz,
D. M.,… Siebner, H. R. (2016). Tuning the brake while raising the
stake: Network dynamics during sequential decision-making. The
Journal of Neuroscience, 36(19), 5417–5426. https://doi.org/10.
1523/jneurosci.3191-15.2016.

Mennes, M., Stiers, P., Lagae, L., & Van den Bergh, B. R. H. (2006).
Long-term cognitive sequelae of antenatal maternal anxiety:
Involvement of the orbitofrontal cortex. Neuroscience &
Biobehavioral Reviews, 30, 1078–1086.

Mennes, M., Wouters, H., Van den Bergh, B. R. H., Lagae, L., & Stiers, P.
(2008). Detection and resolution of conflict: ERP correlates of com-
plex human decision making. Psychophysiology, 45(5), 714–720.

Mennes, M., Van den Bergh, B. R. H., Lagae, L., & Stiers, P. (2009).
Developmental brain alterations in 17 year old boys are related to
antenatal maternal anxiety.Clinical Neurophysiology, 120(6), 1116–
1122.

Miller, E., & Cohen, J. (2001). An integrative theory of prefrontal cortex
function. Annual Review of Neuroscience, 24, 167–202.

Otte, R. A., Donkers, F. C. L., Braeken,M. A. K. A., &Van den Bergh, B.
R. H. (2015). Multimodal processing of emotional information in 9-
month-old infants II: Prenatal exposure to maternal anxiety. Brain
and Cognition, 95, 107–117. https://doi.org/10.1016/j.bandc.2014.
12.001.

Paus, T. (2005). Mapping brain maturation and cognitive development
during adolescence. Trends in Cognitive Sciences, 9, 60–68.

Posner, J., Cha, J., Roy, A. K., Peterson, B. S., Bansal, R., Gustafsson, H.
C.,…Monk, C. (2016). Alterations in amygdala–prefrontal circuits
in infants exposed to prenatal maternal depression. Translational
Psychiatry, 6(11), e935. https://doi.org/10.1038/tp.2016.146.

Qiu A, Anh TT, Li Y, Chen H, Rifkin-Graboi A, Broekman BF, …
Meaney,M.J. (2015a). Prenatal maternal depression alters amygdala
functional connectivity in 6-month-old infants. Translational
Psychiatry 5: e508. https://doi.org/10.1038/tp.2015.3.

Qiu, A., Tuan, T. A., Ong, M. L., Li, Y., Chen, H., Rifkin-Graboi, A.,…
Gluckman, P. D. (2015b). COMT haplotypes modulate associations
of antenatal maternal anxiety and neonatal cortical morphology.
American Journal of Psychiatry, 172(2), 163–172. https://doi.org/
10.1176/appi.ajp.2014.14030313.

Qiu, A., Rifkin-Graboi, A., Chen, H., Chong, Y. S., Kwek, K., Gluckman,
P. D., … Meaney, M. J. (2013). Maternal anxiety and infants' hip-
pocampal development: Timing matters. Translational Psychiatry,
3, e306. https://doi.org/10.1038/tp.2013.79.

Räikkönen, K., Seckl, J. R., Pesonen, A.-K., Simons, A., & Van den
Bergh, B. R. H. (2011). Stress, glucocorticoids and liquorice in
human pregnancy: Programmers of the offspring brain. Stress, 14,
590–603.

Rakers, F., Rupprecht, S., Bergmeier, C., Witte, O. W., & Schwab, M.
(2017). Transfer of maternal psychosocial stress to the fetus.
Neuroscience & Biobehavioral Reviews. https://doi.org/10.1016/j.
neubiorev.2017.02.019.

Rifkin-Graboi, A., Bai, J., Chen, H., Hameed, W. B. r., Sim, L. W., Tint,
M. T., … Qiu, A. (2013). Prenatal maternal depression associates
with microstructure of right amygdala in neonates at birth.
Biological Psychiatry, 74(11), 837–844. https://doi.org/10.1016/j.
biopsych.2013.06.019.

Rifkin-Graboi, A., Meaney, M. J., Chen, H., Bai, J., Hameed, W. B. r.,
Tint, M. T., … Qiu, A. (2015). Antenatal maternal anxiety predicts
variations in neural structures implicated in anxiety disorders in
newborns. Journal of the American Academy of Child &
Adolescent Psychiatry, 54(4), 313–321.e312. https://doi.org/10.
1016/j.jaac.2015.01.013

Sandman, C. A., Buss, C., Head, K., &Davis, E. P. (2015). Fetal exposure
to maternal depressive symptoms is associated with cortical

Brain Imaging and Behavior (2020) 14:830–846 845

https://doi.org/10.1016/j.jsbmb.2015.09.039
https://doi.org/10.3945/ajcn.110.001206
https://doi.org/10.1016/j.bandc.2009.06.004
https://doi.org/10.1016/j.bandc.2009.06.004
https://doi.org/10.1038/nrneurol.2014.187
https://doi.org/10.1038/nrneurol.2014.187
https://doi.org/10.1152/ajpregu.00087.2015
https://doi.org/10.1152/ajpregu.00087.2015
https://doi.org/10.1016/j.biopsych.2015.12.004
https://doi.org/10.1016/j.biopsych.2015.12.004
https://doi.org/10.1007/s12264-016-0048-3
https://doi.org/10.1186/1741-7015-12-33
https://doi.org/10.1186/1741-7015-12-33
https://doi.org/10.1017/S0954579416000614
https://doi.org/10.1017/S0954579416000614
https://doi.org/10.1523/jneurosci.3191-15.2016
https://doi.org/10.1523/jneurosci.3191-15.2016
https://doi.org/10.1016/j.bandc.2014.12.001
https://doi.org/10.1016/j.bandc.2014.12.001
https://doi.org/10.1038/tp.2016.146
https://doi.org/10.1038/tp.2015.3
https://doi.org/10.1176/appi.ajp.2014.14030313
https://doi.org/10.1176/appi.ajp.2014.14030313
https://doi.org/10.1038/tp.2013.79
https://doi.org/10.1016/j.neubiorev.2017.02.019
https://doi.org/10.1016/j.neubiorev.2017.02.019
https://doi.org/10.1016/j.biopsych.2013.06.019
https://doi.org/10.1016/j.biopsych.2013.06.019
https://doi.org/10.1016/j.jaac.2015.01.013
https://doi.org/10.1016/j.jaac.2015.01.013


thickness in late childhood. Biological Psychiatry, 77(4), 324–334.
https://doi.org/10.1016/j.biopsych.2014.06.025.

Sarkar, S., Craig, M. C., Dell’Acqua, F., O’Connor, T. G., Catani, M.,
Deeley, Q.,…Murphy, D. G. M. (2014). Prenatal stress and limbic-
prefrontal white matter microstructure in children aged 6–9 years: A
preliminary diffusion tensor imaging study. The World Journal of
Biological Psychiatry, 15(4), 346–352. https://doi.org/10.3109/
15622975.2014.903336.

Scheinost, D., Kwon, S. H., Lacadie, C., Sze, G., Sinha, R., Constable, R.
T., & Ment, L. R. (2016). Prenatal stress alters amygdala functional
connectivity in preterm neonates. NeuroImage: Clinical, 12, 381–
388. https://doi.org/10.1016/j.nicl.2016.08.010.

Scheinost, D., Sinha, R., Cross, S. N., Kwon, S. H., Sze, G., Constable, R.
T., & Ment, L. R. (2017). Does prenatal stress alter the developing
connectome? Pediatric Research, 81, 214–226.

Schlotz, W., & Phillips, D. I. (2009). Fetal origins of mental health:
Evidence and mechanisms. Brain Behavior and Immunity, 23,
905–916.

Schweitzer, J., Lee, D., Hanford, R., Zink, C., Ely, T., Tagamets, M., …
Kilts, C. (2004). Effect of methylphenidate on executive functioning
in adults with attention-deficit/hyperactivity disorder: Normalization
of behavior but not related brain activity. Biological Psychiatry, 56,
597–606.

Soe, N.N., Wen, D.J., Poh, J.S., Li, Y., Broekman, B.F.P., Chen, H., …
Qiu, A. (2016).Pre- and post-patal maternal depressive symptoms in
relation with infant frontal function, connectivity, and behaviors.
PLoS One 11, e0152991.

Stein, A., Pearson, R. M., Goodman, S. H., Rapa, E., Rahman, A.,
McCallum, M.,… Pariante, C. M. (2014). Effects of perinatal men-
tal disorders on the fetus and child. The Lancet, 384(9956), 1800–
1819. https://doi.org/10.1016/S0140-6736(14)61277-0.

Tomasi, D., Ernst, T., Caparelli, E., & Chang, L. (2006). Common deac-
tivation patterns during working memory and visual attention tasks:
An intra-subject fMRI study at 4 tesla. Human Brain Mapping, 27,
694–705.

Vallesi, A., Arbula, S., Capizzi, M., Causin, F., & D'Avella, D. (2015).
Domain-independent neural underpinning of task-switching: An
fMRI investigation. Cortex, 65(Supplement C), 173–183. https://
doi.org/10.1016/j.cortex.2015.01.016.

Van den Bergh, B. R. H. (1990). The infuence of maternal emotions
during pregnancy on fetal and neonatal behavior. Journal of
Prenatal & Perinatal Psychology and Health, 5(2), 119–130.

Van den Bergh, B. R. H. (2011). Developmental programming of early
brain and behaviour development and mental health: A conceptual
framework. Developmental Medicine & Child Neurology, 53, 19–
23. https://doi.org/10.1111/j.1469-8749.2011.04057.x.

Van den Bergh, B.R.H. (2016) Maternal anxiety, minfullness, and heart
rate variability during pregnancy influence fetal and infant develop-
ment. In N. Reissland and B.S. Kisilevsky (Eds). Fetal
Development. Research on brain and behavior, environmental influ-
ences, and emering thechnologies (pp.267–292). Switserland,
Springer International Publishing, ISBN 978-3-310-22023-9.

Van den Bergh, B. R. H., &Marcoen, A. (2004). High antenatal maternal
anxiety is related to ADHD symptoms, externalizing problems and
anxiety in 8/9-year-olds. Child Development, 75, 1085–1097.

Van den Bergh, B. R. H., Mennes, M., Oosterlaan, J., Stevens, V., Stiers,
P., Marcoen, A., & Lagae, L. (2005a). High antenatal maternal anx-
iety is related to impulsivity during performance on cognitive tasks
in 14- and 15-year-olds. Neuroscience & Biobehavioral Reviews,
29, 259–269.

Van den Bergh, B. R. H., Mulder, E. J. H., Mennes, M., & Glover, V.
(2005b). Antenatal maternal anxiety and stress and the

neurobehavioural development of the fetus and child: Links and
possible mechanisms. A review. Neuroscience and Biobehavioral
Reviews, 29, 237–258.

Van den Bergh, B.R.H., Mennes, M., Stevens, V., Van der Meere, J.,
Börger, N., Stiers, P., … Lagae, L. (2006). ADHD deficit as mea-
sured in adolescent boys with a continuous performance task is
related to antenatal maternal anxiety. Pediatric Research, 59, 78–82.

Van den Bergh, B. R. H., Van Calster, B., Smits, T., Van Huffel, S., &
Lagae, L. (2008). Antenatal maternal anxiety is related to HPA-axis
dysregulation and self-reported depressive symptoms in adoles-
cence: A prospective study on the fetal origins of depressed mood.
Neuropsychopharmacology, 33, 536–545.

Van den Bergh, B. R. H., van den Heuvel, M. I., Lahti, M., Braeken, M.,
de Rooij, S. R., Entringer, S., … Schwab, M. (2017). Prenatal de-
velopmental origins of behavior and mental health: The influence of
maternal stress in pregnancy. Neuroscience & Biobehavioral
Reviews. https://doi.org/10.1016/j.neubiorev.2017.07.003.

Van den Bergh, B. R. H., Dahnke, R., & Mennes, M. (2018). Prenatal
stress and the developing brain: Risks for neurodevelopmental dis-
orders. Development and Psychopathology, 30, 743–762. https://
doi.org/10.1017/S0954579418000342.

van den Heuvel, M. I., & Thomason, M. E. (2016). Functional connec-
tivity of the human brain in utero. Trends in Cognitive Sciences., 20,
931–939. https://doi.org/10.1016/j.tics.2016.10.001.

van den Heuvel, M. I., Donkers, F. C., Winkler, I., Otte, R. A., & Van den
Bergh, B. R. H. (2015). Maternal mindfulness and anxiety during
pregnancy affect infants' neural responses to sounds. Social
Cognitive and Affective Neuroscience, 10(3), 453–460. https://doi.
org/10.1093/scan/nsu075.

van den Heuvel, M. I., Henrichs, J., Donkers, F. C., & Van den Bergh, B.
R. H. (2017). Children prenatally exposed to maternal anxiety de-
vote more attentional resources to neutral pictures. Developmental
Science, 21, e12612. https://doi.org/10.1111/desc.12612.

Van der Ploeg, H. M., Defares, P. B., & Spielberger, C. D. (1980).
Handleiding bij de zelfbeoordelingsvragenlijst [manual of the
state-trait anxiety inventory; Dutch adaptation]. Leiden, the
Netherlands: Swets en Zeitlinger.

Van Essen, D. (2002).Windows on the brain. The emerging role of atlases
and databases in neuroscience. Current Opinion in Neurobiology,
12, 574–579.

Veru, F., Laplante, D. P., Luheshi, G., & King, S. (2014). Prenatal mater-
nal stress exposure and immune function in the offspring. Stress,
17(2), 133–148. https://doi.org/10.3109/10253890.2013.876404.

Veru, F., Dancause, K., Laplante, D. P., King, S., & Luheshi, G. (2015).
Prenatal maternal stress predicts reductions in CD4+ lymphocytes,
increases in innate-derived cytokines, and a Th2 shift in adolescents:
Project ice storm. Physiology & Behavior, 144, 137–145. https://doi.
org/10.1016/j.physbeh.2015.03.016.

Wen, D. J., Poh, J. S., Ni, S. N., Chong, Y. S., Chen, H., Kwek, K., …
Qiu, A. (2017). Influences of prenatal and postnatal maternal depres-
sion on amygdala volume and microstructure in young children.
Translational Psychiatry, 7, e1103. https://doi.org/10.1038/tp.
2017.74.

Wiggs, K., Elmoe, A.L., Niggs, J.T., a Nikolas, M.A. (2016) Pre- and
perinatal risk for attention-deficit hyperactivity disorder: Does neu-
ropsychological weakness explain the link? Journal of Abnormal
Child Psychology, 44:1473–1485.

Zysset, S., Wendt, C., Volz, K., Neumann, J., Huber, O., & von Cramon,
D. (2006). The neural implementation of multi-attribute decision
making: A parametric fMRI study with human subjects.
NeuroImage, 31, 1380–1388.

Brain Imaging and Behavior (2020) 14:830–846846

https://doi.org/10.1016/j.biopsych.2014.06.025
https://doi.org/10.3109/15622975.2014.903336
https://doi.org/10.3109/15622975.2014.903336
https://doi.org/10.1016/j.nicl.2016.08.010
https://doi.org/10.1016/S0140-6736(14)61277-0
https://doi.org/10.1016/j.cortex.2015.01.016
https://doi.org/10.1016/j.cortex.2015.01.016
https://doi.org/10.1111/j.1469-8749.2011.04057.x
https://doi.org/10.1016/j.neubiorev.2017.07.003
https://doi.org/10.1017/S0954579418000342
https://doi.org/10.1017/S0954579418000342
https://doi.org/10.1016/j.tics.2016.10.001
https://doi.org/10.1093/scan/nsu075
https://doi.org/10.1093/scan/nsu075
https://doi.org/10.1111/desc.12612
https://doi.org/10.3109/10253890.2013.876404
https://doi.org/10.1016/j.physbeh.2015.03.016
https://doi.org/10.1016/j.physbeh.2015.03.016
https://doi.org/10.1038/tp.2017.74
https://doi.org/10.1038/tp.2017.74

	Antenatal maternal anxiety modulates the BOLD response in 20-year-old men during endogenous cognitive control
	Abstract
	Introduction
	Methods
	Participants
	Measures of maternal anxiety during and after pregnancy
	Socioeconomic status: parents’ educational level
	Parents and offspring behavioral problems and psychopathology
	Gambling paradigm
	fMRI data acquisition
	Statistics

	Results
	Gambling behavioral results
	fMRI results
	Effects of condition in the low-average anxiety group
	Effects of maternal anxiety during weeks 12–22 of pregnancy


	Discussion
	The effect of maternal anxiety during pregnancy on the BOLD response in 20-year-old men
	Study limitations
	The past and future of our cohort: on neurodevelopmental disorders and underlying mechanisms

	Conclusion
	References


